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Open access under CC Since its introduction in 1994, the preparation of ordered porous polymer ﬁlms by the
breath ﬁgure (BF) method has received a considerable interest. The so-called ‘‘honeycomb’’
(HC) ﬁlms exhibit a hexagonal array of micrometric pores obtained by water droplet con-
densation during the fast solvent evaporation performed under a humid ﬂow. The main
focus of this feature article is to describe the recent advances in the design of honeycomb
polymer ﬁlms by the BF process. We ﬁrst review the recent studies related to the honey-
comb ﬁlm formation through the exploration of different parameters such as the relative
humidity, the polymer concentration, the drying rate, the substrate or the role of interfacial
tension. The inﬂuence of the architecture and microstructure of the polymer is examined
through examples. In this contribution, a special attention is given to the recent articles
focused on the preparation of elaborate functional honeycomb-structured polymer ﬁlms
obtained via the simple BF method. In this context, we review the preparation of hierarchi-
cal HC ﬁlms showing either sub- or super-structure, the formation of hybrid HC ﬁlms by
self-assembly of nanoparticles or in situ generation of the inorganic matter, the ﬂuores-
cence in HC ﬁlms introduced either by a ﬂuorescent polymer or by ﬂuorescent chemical
groups, the elaboration of biomaterials from HC ﬁlms decorated by glycopolymer and/or
showing sensing ability and ﬁnally the design of functional polymeric surfaces with either
stimuli-responsive or superhydrophobic properties.
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Since the ﬁrst study published by François et al. in 1994
[1] with star shaped polystyrenes (PS) and poly(para-phe-
nylene)-b-PS block copolymers, the formation of honey-
comb (HC) structured polymer ﬁlms by the breath ﬁgure
(BF) approach has received considerable interest due to
the simple, inexpensive, and robust mechanism of pattern
formation [2–3]. Breath ﬁgures occur when water vapor
condenses onto either cold solid [4] or liquid [5–6] sur-
faces. Steyer et al. [5] suggested that growth of breath ﬁg-
ures on liquids evolves through three stages. In the initial
stage, there is no strong interaction among the water drop-
lets, and the diameter (D) of the droplets increases with
time (t) by a power law of D  t1/3. In the crossover stage,
water droplets are separated by a thin liquid ﬁlm, and
the whole surface has a maximal coverage with low disper-
sity of droplet diameters. The last stage is the coalescence-
dominated stage where the surface coverage is high and
constant. Coalescence accelerates the growth and the
diameter (D) grows in proportion to time (t) as D  t.
Limaye et al. [6] investigated the inﬂuence of the nature
of the solvent on the time development of the average
water droplet diameter. For the case of benzene, two sep-
arate regimes of growth law were clearly observed (D  ta)Fig. 1. Schematic representation of the honeycomb polywith a  0.3 (single droplet growth, no coalescence) and
a  0.95 (coalescence dominated), while in the case of
chloroform, a rather uniform a  0.5 dependence is seen,
reﬂecting the role of coalescence over the entire time do-
main. When using the appropriate polymer solution,
breath ﬁgure can be ﬁxed in the polymer matrix creating
porosity via the imprint of the water droplets [1–3,7].
The formation of porous polymer ﬁlms with honeycomb
(HC) morphology proceeds via the water droplet genera-
tion on the cold surface of the evaporating polymer solu-
tion and the subsequent self-organization of the water
droplets into an ordered hexagonal lattice (see Fig. 1).
The regular stacking of the water droplets is favored by
the Bénard–Marangoni convection arising in a solution
presenting a thermal gradient [6,8–9]. After complete
evaporation of both solvent and water in few minutes, a
porous polymer ﬁlm with organized pattern of holes in
the micron range is recovered over a cm2 surface (Fig. 1).
The choice of the solvent is driven by the combination
of the following features: high vapor pressure, low boiling
point, low solubility in water and preferentially higher
density than water. The data of different solvents reported
in Table 1 highlight why carbon disulﬁde and chloroform
are the best candidates for the formation of highly
structured honeycomb polymer ﬁlms prepared by the fastmer ﬁlms prepared by the breath ﬁgure method.
Table 1
Data for different solvents [30].




Density (g/cm3) 1.48 1.32 1.26 0.86 0.89 0.62 0.71 0.90
Vapor pressure (KPa) 21.3 46.5 39.7 2.9 21.6 56.8 58.6 9.7
Solubility in water (g/L) 8.2 20 2.9 0.5 Miscible 0.4 69 87
Boiling point (C) 61 39 46 110 65 36 34 77
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ure method). The simplicity of the BF pattern formation
has led to the preparation of ordered porous ﬁlms using
a wide variety of polymers and different macromolecular
architectures (linear, star, graft, dendritic, hyperbranched
polymers and coil–coil or rod–coil diblock copolymers)
during the last years [1–3,7,10–29].
In 2006, Bunz et al. [2] and Stenzel et al. [3] published
two reviews on the formation of honeycomb structured
polymer ﬁlms via breath ﬁgure templating. They presented
the mechanism of honeycomb polymer ﬁlm formation
through the fast solvent evaporation method under humid
atmosphere and provided an overview of the parameters
inﬂuencing the surface structuration. For instance, Stenzel
et al. [3] detailed the inﬂuence of the casting conditions
(relative humidity (RH), airﬂow, concentration) on both
the quality of ordering and the pore size. Both reviews
summarized the different nature of the polymers or mix-
tures of polymers and nanoparticles which were good can-
didates for honeycomb ﬁlm formation. The very recent
review published by Hernández-Guerrero and Stenzel
[31] has conﬁrmed the continuous interest in honeycomb
polymer ﬁlms structured by BF method since 2006.
The aim of the present review is ﬁrst to summarize the
advances in breath ﬁgure templated porous polymer ﬁlms
through the recent articles exploring the architectures and
microstructures of polymers together with investigation of
honeycomb ﬁlm formation (role of interfacial tension,
inﬂuence of experimental parameters, substrate, dynam-
ics . . .). Second, we have chosen to discuss the recent liter-
ature that focuses on the following aspects: hierarchically
structured polymer ﬁlms obtained by BF method; hybrid
honeycomb polymer ﬁlms prepared by either self-assem-
bly of hybrid nanoparticles or growth of inorganic materi-
als from precursor of nanoparticles or directly from the HC
ﬁlm; ﬂuorescence in HC ﬁlms; biomaterials based on HC
polymer ﬁlms (organized porous polymer ﬁlms decorated
with glycopolymers and/or sensing of biomolecules) and
functional HC ﬁlms including smart surfaces responsive
to external stimuli and superhydrophobic surfaces.
2. Formation of honeycomb patterned polymer ﬁlms
2.1. Inﬂuence of polymer architecture and/or microstructure
The effect of architecture and microstructure of poly-
mer on the formation of regular arrays of pores in the poly-
mer ﬁlms prepared by BF approach has been extensively
reviewed in 2006 [2–3]. For instance, Stenzel and co-work-
ers investigated the effect of the number of branches/arms,
the length of branch/arm and the polymer molar mass ofstar and comb polymers on the honeycomb ﬁlm features
[3]. It was concluded that although there is no prerequisite
for the polymer architecture, complex structures tolerate
more variability in casting conditions. Indeed, star
poly(D,L-lactide), star polystyrene and hyperbranched poly-
styrene showed the ability to self-assemble onto highly
structured honeycomb ﬁlms [1,7,20,32] whereas linear
hydrophobic polymer did not lead to regular ﬁlms when
cast under similar conditions [3,15]. Regular ﬁlms could
be generated from linear polystyrene of high molar mass
(Mn > 100,000 g mol1) when containing carboxylic acid
terminal group [13] or without any polar group only if
the casting conditions with different solvent were ﬁnely
tuned [33]. More recently, Billon and co-workers obtained
highly ordered honeycomb ﬁlms based on linear polysty-
renes of low molar mass (Mn  20,000 g mol1) with ionic
chain end (called ionomer) [22,34]. They took advantage
of the self-assembling of these ionomers into inverse mi-
celles in the organic solvent to produce in situ star-like
polymeric structures. Moreover, it seemed that ionomers
prevented water droplets coalescence and led to very reg-
ular pore size, probably due to the stabilizing properties of
the PS-COONa+ at the water/carbon disulﬁde (CS2) inter-
face [22]. The ionic terminated PS were synthesized in
one-step simple reaction by nitroxide-mediated polymeri-
zation using either a bicomponent initiating system with a
cationic initiator and the SG1 nitroxide as control agent
[34] or a carboxylic acid based alkoxyamine [22]. It was
also mentioned in early literature [7] and recently [35] that
self-assembly of rod–coil diblock copolymers into micelles
in a selective solvent of one block promoted the formation
of ordered pore assembly. Nevertheless, coil–coil hydro-
phobic diblock copolymers entirely soluble in the solvent
but self-assembling into nanophase segregation of the
immiscible blocks, also produced highly ordered HC ﬁlm
[24]. It is worth to note that in the case of amphiphilic di-
block copolymers, the self-assembly into inverse micelles
induced a second non-controlled porosity [18,27].
Since 2005, Qiao and co-workers have focused their
interest on the synthesis of a library of core cross-linked
star (CCS) polymers for the production of honeycomb ﬁlms
[36–38]. The CCS polymers were synthesized by ‘‘arm ﬁrst’’
strategy using atom transfer radical polymerization
[39–41]. The effect of glass transition temperature (Tg) of
different CCS polymers (poly(dimethylsiloxane) PDMS,
poly(ethyl acrylate), poly(methyl acrylate), poly(tert-butyl
acrylate), poly(methyl methacrylate)) on the self-assembly
of HC ﬁlms on non-planar substrates was studied [38]. It is
interesting to note that all star polymers self-assembled
into organized structured ﬁlms by BF method whereas
none of the original linear precursors with low Tg were able
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ﬁlms cast from the low Tg star polymers showed more
homogeneous ﬁlms with much less cracking throughout
the ﬁlm in comparison with high Tg star polymer [38,40].
The poly(dimethylsiloxane) CCS were suitable to form HC
ﬁlms onto inorganic particles based surfaces including sil-
ica, glass micro-beads, kaolin, sodium chloride and sugar
crystals [42]. Core-cross-linked core-shell nanoparticles
were also obtained by self-assembly of PS-b-P(S-alt-
MAh)-b-PS triblock copolymers and subsequent cross-link-
ing of the core via the maleic anhydride units (MAh) and a
diamine. The core-corona ratio determined the size of the
pores and the regularity of the pore arrays of the porous
ﬁlm [43].
The improvement of the HC ﬁlm properties and stability
is a crucial point for their use in different environments.
For that purpose, several groups have recently attempted
to cross-link the polymer inside the HC ﬁlm by different
chemical pathways [20,35,44–50]. A simple photochemical
cross-linking by UV irradiation was performed either in the
presence of air for polystyrene [48] and poly(vinyl cinna-
mate) [50] based HC ﬁlms or under nitrogen for poly
(1,2-butadiene) HC ﬁlms [49]. The preparation of an
azide-substituted poly(para-phenyleneethynylene) (PPE)
was reported to cross-link the honeycomb ﬁlm upon heat-
ing at 300 C [44]. Long et al. [20] generated cross-linked
ordered microporous surfaces from well-deﬁned four-
arm star-shaped poly(D,L-lactide) end-modiﬁed with 2-iso-
cyanatoethyl methacrylate. The 2,2-dimethyl-2-phenol
acetophenone photoinitiator was added in the polymer
solution prior the ﬁlm formation and the ﬁlms were subse-
quently photo-cross-linked by UV irradiation. Star polysty-
rene-b-polybutadiene honeycomb ﬁlms were self-cross-
linked by exposing to UV light in air at 30 C for several
hours [35]. Karthaus et al. [45] achieved the preparation
of thermally stable and solvent resistant honeycomb ﬁlms
by immersing a poly(styrene-co-maleic anhydride) based
HC ﬁlm in an ethanol solution of a, x alkyldiamine to pro-
mote the chemical reaction. In this example, a polyion
complex was added as an additive (5–10 wt% vs. polymer)
to ensure the formation of the hexagonal array by reducing
the surface tension of the water droplets. The same proce-
dure was repeated by Stenzel et al. to form stable cross-
linked honeycomb ﬁlms for the further attachment of a
RAFT agent allowing the surface initiated polymerization
of N-isopropylacrylamide and N-acryloyl glucosamine
monomer from the structured ﬁlm [46]. A recent article re-
ferred to the synthesis of methacrylic branched copoly-
mers containing an alkoxysilane-based co-monomer to
promote the ﬁlm cross-linking via the sol–gel process
using triethylamine acetonitrile/water solution as catalyst
[47]. The cross-linking step improved the ﬂexibility, the
resistance to organic solvent (chloroform) and thermal sta-
bility up to 85 C. Li et al. used commercially available
polystyrene-b-polyisoprene-b-polystyrene triblock copoly-
mer and polystyrene-b-polybutadiene-b-polystyrene with
hydroxyl groups to elaborate micropatterned polymers
through the BF method [51–52]. Self-supported three-
dimensional structures with enhanced thermal stability
and solvent resistance were obtained by a vulcanization
of the honeycomb structured polymer ﬁlm using S2Cl2molecules absorbed into polymer ﬁlms by vapor phase
transfer for 4 h [51–52]. Finally, non soluble ordered poly-
meric pattern of polyﬂuorene copolymer was obtained
after a thermal treatment of the polyﬂuorene containing
tetrahydropyranyl residues as protecting groups of the side
chains [53]. In that case, the retention of the structure after
annealing at 230 C was possible only by preventing the
collapse of the cavity walls by covering the HC ﬁlm with li-
quid polydimethylsiloxane mixed with curing agent [53].
Another way to fabricate thermally stable honeycomb-pat-
terned ﬁlm by the BF method was to use a solution of ther-
mally stable polymer such as for instance polyetherketone
cardo (PEK-C, glass transition temperature of 230 C) [54]
or hyperbranched poly(phenylene vinylene) [55]. The last
hexagonal porous ﬁlm is very thermally stable and re-
tained its structure at up to 600 C. After heating to
600 C at a rate of 10 C/min under a nitrogen atmosphere,
carbonization of hyperbranched poly(phenylene vinylene)
occurred and black porous carbon ﬁlm was obtained [55].
2.2. HC ﬁlm structure
The parameters inﬂuencing the ﬁlm formation were
summarized by Bunz et al. [2] and Stenzel et al. [3]. It
was concluded from the literature that one of the critical
steps in the formation of ordered porous polymer ﬁlms
by the BF method was the polymer precipitation at the
solution/water interface. This was early investigated by
François et al. [56] who showed that star-polystyrene pro-
moted the formation of a thin polymer layer encapsulating
the water droplet, hence preventing the droplet coales-
cence. Since ﬁve years, studies have been regularly pub-
lished on the honeycomb ﬁlm formation with a focus on
different issues: the role of interfacial tension and solvent
[13,57–60], the inﬂuence of the experimental parameters
(temperature, polymer concentration, humidity, solvent,
evaporation time, substrate . . .) [28,32,34–35,38,61–63],
the study of dynamics [64–67] and characterization of
the ﬁlm ordering [68].
Along with superﬁcial patterns, multilayer structures
with a regular arrangement of pores can be obtained via
BF templating. A ﬁrst report related the presence of pore
multilayer to the lower density of the water-immiscible
solvent (toluene, benzene) in comparison with water den-
sity as 3D pattern pores was assigned to successive sinking
of condensed water droplets into the polymer solution [8].
However, multilayer structures have also been observed
from solvent exhibiting a higher density than water (car-
bon disulﬁde and chloroform) [1,11,22,57,69]. Bolognesi
et al. [13] proposed a prediction model showing that the
formation of mono- or multilayer structures can be tuned
by the interfacial energy between solvent and water. The
value of z0 is detailed by z0 = (cW  cW/S)/cS with cS and
cW the surface tensions of solution and water, respectively,
while cW/S is the interfacial tension between water and the
solution. It was established that for z0 value between 1
and 1, the drop is ﬂoating at the interface between air
and solution, which indicates a monolayer of pores. For
z0 greater than 1, drops swell below the surface and multi-
layer structured ﬁlms can be obtained. It should be noted
that z0 values for the polymer solutions cannot be
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The data of the pure solvent were used and values of z0
were estimated in different solvents: z0  0.8 for CS2/water
providing monolayer structures, z0  1.3 for toluene (or
benzene)/water providing multilayer structures [13]. It is
worthwhile to remark that during carbon disulﬁde evapo-
ration, the solution concentration raises and then cH2O=CS2
decreases. This means that during ﬁlm formation water
droplets may continuously penetrate inside the solution
until motion freezing and ﬁlm hardening. This phenome-
non might explain that the model cannot systematically
predict the experimental observations. Dong et al. [57] re-
cently investigated the dimensional architecture of ferr-
ocenyl-based oligomer honeycomb-patterned ﬁlms. From
their polymer/CS2 mixed solutions, they observed single
layer near the edge but two and three layers were present
approaching the center of the ﬁlm. The solvent undeniably
plays a role in tuning the morphology of the HC ﬁlm but
besides the solvent, the ﬁnal pore structure is regulated
by kinetics through the effect of the polymer concentration
[11,59], solution viscosity (driven by molar mass and con-
centration of the polymer) [33] and ﬁlm thickness
[22,37,55]. Servoli et al. [59] compared the theoretical pre-
dictions of the model based on interfacial interactions with
their experimental data for poly(D,L-lactide) honeycomb
ﬁlms prepared from two different solvents (z0 values of
1.6 and 1.9 for chloroform and ethyl acetate, respectively).
The data suggested that interfacial interaction alone can-
not explain the formation of either multilayer pore struc-
ture or single layer when using the same polymer/solvent
mixture but varying the processing experimental condi-
tions [59]. When solvents with proper interfacial proper-
ties are subjected to slow evaporation, BF ﬁlms with pore
multilayers were obtained whereas just a monolayer is ob-
served for fast evaporation despite favorable water/solvent
interfacial tension [59]. For honeycomb-pattern ﬁlms
based on linear polylactide (PLA), it was reported that diol-
eoylphosphatidylethanolamine (DOPE) was the most suit-
able surfactant among various kinds of phospholipids. In
order to elucidate the effectiveness of DOPE in the forma-
tion of honeycomb-patterned PLA ﬁlms, the interfacial ten-
sion between the water droplets and polymer solution was
investigated by Fukuhira et al. [58]. They conducted a thor-
ough study by measuring the interfacial tension at four
simulated stages of evaporation using four concentrations
of polymer solution between 5 mg/mL and 100 mg/mL of
PLA in chloroform for six phospholipid surfactants with
different hydrophile–lipophile balance (6.5 < HLB < 9.1)
[58]. It was shown that DOPE having the lowest HLB
(6.5) exhibited the highest interfacial tension above
15 mN/m and that the interfacial tension of each surfactant
decreased with increasing concentration. The polymer
solution concentration, calculated from the polymer solu-
tion weight taken every 30 s during the solvent evapora-
tion, was correlated to the optical interference of the
regularly formed array observed every 60 s. The interfacial
tension being previously estimated for different concentra-
tions, it was concluded that the DOPE surfactant was effec-
tive surfactant to form ordered array because the DOPE
was able to maintain high interfacial tension (>10 mN/m)
during ﬁlm formation [58]. The same research group alsodiscussed the relation between uniformity of the polysty-
rene microporous ﬁlms and interfacial tensions between
water and chloroform solutions of poly(N-dodecylacryla-
mide)-co-poly(6-acrylamidohexanoic acid) amphiphilic
copolymers [70]. For interfacial tensions above 10 mN/m,
both the size of the polymer frame (wall thickness) and
the standards deviation decreased with a decrease of the
interfacial tension [70]. Harkins et al. [71] expresses the
spreading coefﬁcient (S) as follows: S = cP  (cW + cW/P),
where cP is the surface tension of the polymer solution,
cW is the surface tension of the water droplet, and cW/P is
the interfacial tension between the polymer solution and
the water droplets in this case. This means that an increase
of cW/P diminishes the spreading coefﬁcient and the drop-
let maintains a globular shape. Saunders et al. [60] also
showed that the interfacial tension between polymer solu-
tion and water was a key parameter in the pore size and
ordering quality. Breath ﬁgure templated poly(ethylene
oxide)-b-poly(ﬂuorooctyl methacrylate) (PEO-b-PFOMA)
block copolymer ﬁlms were obtained by casting 1,1,2-tri-
chlorotriﬂuoroethane solution under humid atmosphere.
Four polymers were studied with a similar molar mass of
the PEO block (2 kg mol1) and different molar masses of
the PFOMA block (Mn = 10, 25, 70, 140 kg mol1). Change
in the viscosity alone cannot explain the structure of the
porous ﬁlms as the usual trend was not observed: the
low Mn polymers exhibited lower pore sizes than the high-
er Mn polymers and the very large ﬂuorinated block
copolymer (Mn = 140 kg mol1) signiﬁcantly inhibited
water droplet nucleation and organization due to the re-
duced water wettability at the air/solvent interface [60].
The optimal ﬁlm organization was observed for the PEO-
b-PFOMA (2–70 kg mol1) exhibiting an interfacial tension
of 22 mN/m [60].
The inﬂuence of polymer concentration, relative
humidity, solvent properties and substrate on the pattern
formation has been widely investigated in many studies
as these crucial parameters have to be optimized for new
polymer–solvent mixture. The general trend of each
parameter effect was summarized by Stenzel et al. [3]
and the recent published examples listed below conﬁrm
this trend. Indeed, the increase of the concentration of
polymer solution systematically led to lower pore diame-
ter [32,35,54–55,63] and an optimum concentration was
required to target pore ordering (star polystyrene-b-poly-
butadiene [35], poly(lactide-co-glycolide) [61]). The vis-
cosity of the solution increases with polymer
concentration resulting in the slower growth of droplets,
a faster polymer precipitation at the water droplet inter-
face and lower pore size. Wu et al. [61] tuned the experi-
mental parameters (polymer concentration, solvent,
humidity, co-monomer ratio) to elaborate poly(lactide-
co-glycolide) honeycomb ﬁlms without inclusion of surfac-
tant which had been previously considered as essential to
obtain ordered poly(lactide)-based porous ﬁlms [72–73].
The relative humidity is also a determining parameter for
the size of the micropores where pore size increases with
increasing humidity [25,61,63]. The relative humidity is
usually controlled by adjusting the air ﬂow rate. Higher
humidity not only forms larger water droplets but also
slows the solvent evaporation, both of which lead to the
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effect of evaporation time was evidenced by Dong et al.
[32] by varying the casting volume of poly(3-ethyl-3-oxe-
tanemethanol)-star-polystyrene/chloroform solutions. The
increase of the casting volume induced an increase of the
average pore diameters. Jiang et al. [28] reported the prep-
aration of honeycomb microporous ﬁlms from a soluble
ﬂuorinated poly(siloxane imide) segmented copolymer.
The results showed that among different chlorinated sol-
vents, only chloroform could form regular porous ﬁlms
with pore shape and size varying with relative humidity
[28]. Tian et al. [74] suggested that the formation of hon-
eycomb structures depends on the thermodynamic afﬁnity
between polymer and solvent. They investigated the
behavior of polyphenylene oxide in various solvents and
concluded that the thin polymer ﬁlm formed on the sur-
face of water droplets was formed only for good solvents
[74]. Indeed, when a poor solvent was used, migration of
polymer chains to the water/solution interface was re-
stricted, resulting in coalescence of water droplets and
poor ordering of pores or no BFs [74]. Two studies of Peng
et al. [33] and Ferrari et al. [62] showed that for linear
polystyrenes of molar mass above 192,000 g mol1 with-
out any polar end group, well-organized porous structures
were formed in chloroform. For carbon disulﬁde solutions
of non polar high molar mass polystyrene cast onto glass
substrate, Ferrari et al. [62] and Li et al. [48] prepared
highly ordered HC ﬁlms under a static BF process whereas
Peng et al. [33] did not observed the formation of ordered
array under dynamic condition (humid air ﬂow). As de-
picted in Table 1, the low boiling point and the high vapor
pressure of CS2 favors the fast solidiﬁcation but it cannot
alone explain the results of Ferrari et al. [62]. Indeed, chlo-
roform was a more suitable solvent than CS2 when poly-
mer solution was cast onto hydrophilic glass (glass
treated with sulfuric acid solution) but opposite result
was obtained with untreated glass substrate. The contribu-
tion of the nature of the substrate has not been clearly elu-
cidated yet. The inﬂuence of the substrate on the BF
patterned ﬁlms has been the object of few studies. The
generation of ordered porous polymer structures by the
BF method, commonly processed onto glass, has also been
attempted onto different substrates including hydrophilic,
silanized or ﬂuorinated glass [62], mica [34,63], polymeric
supports (polyvinylchloride (PVC) [34,62], polyethylene
(PE) [62], polyethylene terephtalate (PET) [62]), non-pla-
nar grids [38], silicon wafer [57,62–63], micropipette with
curvature gradient [75]. Billon and co-workers [34] ob-
served a better organization of monodisperse pores of
4 lm when the polymer solution was deposited onto a
freshly cleaved hydrophilic mica surface in comparison
with a less ordered structure and greater dispersity of pore
sizes for the HC ﬁlm prepared on glass substrate. In this
study, PVC sheets were also used for the ﬁrst time as ﬂex-
ible organic substrate and hexagonal array over a long-
range order (few hundred microns) with lower pore size
diameter (1.5 lm) was observed by microscopy. The possi-
ble interaction between the polymer with a cationic chain
end and the negatively charged surface of the mica, which
might have explained the difference of ordering between
mica and glass substrates, cannot be applied to the PVCsubstrate [34]. The inﬂuence of the substrate on the pore
ordering is not easily interpreted as a thin continuous
polymer layer is always formed at the bottom of the ﬁlm.
Ferrari et al. [62] showed the important role of the sub-
strate (organic or inorganic) by preparing HC ﬁlms by BF
method from linear PS of 192,000 g mol1 using three dif-
ferent solvents (carbon disulﬁde, chloroform, dichloro-
methane) for each substrate: glass submitted to different
treatments (piranha solution (hydrophilic glass) and silan-
ization with either 3-glycidoxypropyl methacrylate or
octyltriethoxysilane), silicon wafer, PE, PET, PVC. While
carbon disulﬁde was the only solvent able to form ordered
BFs onto glass substrate, the same solvent was unsuitable
(poor ordering or no BFs) for silicon wafer and treated
glass substrates submitted to treatments producing differ-
ent surface chemistries. Carbon disulﬁde provided ordered
BFs onto PVC but no hexagonal ordering was observed
with PET and PE using the same solvent. On the other
hand, the substrates exhibiting no ordering with carbon
disulﬁde showed a well-organized pattern of pores with
chloroform (PET, hydrophilic glass, silicon wafer and silan-
ized glass). These experimental observations underlined
an interaction between solvent and support; chloroform
appeared to be the most robust solvent less affected by
the change of the substrate [62]. From a qualitative view-
point, Ferrari et al. [62] proposed that substrates with high
surface energy promoted the ordering of the PS/chloro-
form solution while the ordering of PS/carbon disulﬁde
solution was mostly observed for substrates exhibiting
low surface energy. Several authors [63,76–77] have sug-
gested that the wettability of the solid substrate with the
polymer solution plays an important role with a beneﬁcial
impact of a high wettability on the periodicity and order-
ing of the pores. Using glass micropipettes, Jiang et al.
[75] investigated the effect of curvature on the formation
of poly(L-lactic acid) (PLLA) honeycomb ﬁlms. Scanning
electron microscopy images were taken at different cross
sections characteristic of different surface curvature
(k = 1/R with R the radius of the cross section disk). The
morphology of the PLLA honeycomb ﬁlm changed at dif-
ferent sections with both disordering and distortion of
the pores with increasing curvature.
The ﬁlm formation by BF method is controlled by both
thermodynamic (stabilization of water droplets) and
kinetic as the process is driven by a rapid solvent evapora-
tion [67]. Since the early work of Shimomura and co-work-
ers [67] who studied the dynamic of ﬁlm formation via a
dual observation of the ﬁlm (optical microscopy and
diffraction pattern) during solvent evaporation, recent
studies [64–66] have focused their interest on the dynam-
ics of polymer breath ﬁgures. For linear PS/carbon disulﬁde
solution drop cast onto glass substrate, a drastic decrease
of the solution level height together with a decrease of
the temperature between 0 and 100 seconds was observed
[64]. In situ observation of growth and rearrangement of
water droplets between 0 and 180 s was performed by
optical microscopy from a polyphenylene oxide/chloro-
form solution [65]. The authors showed a ﬁrst «bursting ef-
fect» explained by the water droplets formation in a top
layer in the absence of evaporation due to the low solution
temperature coming from the very fast solvent evaporation
Fig. 2. Top: graph of the diameter and speed of surface holes versus time. The squares indicate the speed, and the circles indicate the diameter. Below:
schematic diagram of the mechanism for the BF process [65].
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polymer layer encapsulating the droplets [65]. The ‘‘burst-
ing hypothesis’’ was directly supported by the appearance
and movement of surface holes and indirectly supported
by the inner structure of the ﬁlm. The BF process after
appearance of holes (72 s) was divided in three stages as
depicted in Fig. 2 [65].
A polymer nanocomposite ﬁlm of polystyrene and gold
nanoparticles was obtained by interrupting the condensa-
tion of breath ﬁgures [66]. The different regions of the
unﬁnished honeycomb structure were analyzed by optical
microscopy to probe the ﬁlm formation dynamics. This
study conﬁrmed that the condensed water droplets grow
during their arrangement on the nanocomposite ﬁlm [66].
Srinivasarao and co-workers [68] used optical microscopy
equipped with a fast camera and Fraunhofer diffraction to
observe the HC ﬁlms during formation, respectively in the
direct and reciprocal spaces. The use of a Voronoi ap-
proach and the bond-orientational correlation function al-
lowed for a quantitative characterization of the degree of
the ordering of the structured microporous ﬁlms.3. Hierarchical structures in polymer ﬁlms using breath
ﬁgure method
Hierarchically ordered polymeric ﬁlms obtained by the
breath ﬁgure process exhibit an array of pores with size
ranging between 500 nm and 2 lm. Several groups have
been interested in the introduction of a second structur-
ation built at different levels. Two types of materials were
studied: the ﬁrst one consists of ﬁlms showing a substruc-
ture at the nanometer length scale, the second consists of
ﬁlms presenting a superstructure, typically at the length
scale of few tens micrometers.3.1. HC and substructure
It was demonstrated that the breath ﬁgure method can
be employed to prepare hierarchical morphologies pre-
senting substructures achieved via the self-assembly of
block copolymers. In the literature, among the papers pre-
senting studies on HC ﬁlms made of block copolymers only
Fig. 3. AFM phase images of PS-b-P4VP honeycomb ﬁlm recorded in topographic mode (A) and phase mode (B) from reference [78].
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such material was published by Hayakawa et al. [11]. This
paper showed the possibility to prepare hierarchically or-
dered HC ﬁlms made of semi rod–coil diblock copolymer:
a polystyrene block and a polyisoprene block decorated
with side chains of oligothiophene. A unique material
revealing three levels of ordering was synthesized. Indeed,
in between the honeycomb pores, the macromolecular
architecture of the polymer conducted to a smectic order-
ing of the oligothiophene rods within the polyisoprene
cylindrical aggregates, themselves ordered inside the poly-
styrene matrix [11].
More recently, it was shown that regular coil–coil di-
block copolymers can be considered for preparing well or-
dered honeycomb porosity with a concomitant copolymer
self-assembly. Escalé et al. published two articles [24,78]
reporting coil–coil diblock copolymer nanosegregation in
between the hexagonally ordered pores of HC ﬁlm, despite
the rapid BF process which is not favorable to reach the
thermodynamical equilibrium for nanophase segregation.
In the ﬁrst article [24], four high molar mass diblock
copolymers based on styrene and n-butyl acrylate (PnBA-
b-PS) or tertio-butyl acrylate (PtBA-b-PS) were synthesized
by nitroxide-mediated polymerization targeting different
monomer weight fractions in order to obtain the lamellar
and cylindrical morphologies. It was pointed out that both
the micrometric pore organization in HC ﬁlm and the inter-
nal nanometer length scale morphology of the diblock
copolymer self-assembly were affected by the copolymer
features, i.e. interaction parameter, glass transition tem-
perature and monomer weight fraction [24]. In the second
article, Escalé et al. [78] demonstrated that hierarchically
structured porous polymer ﬁlms can also be elaborated
from the polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP)
diblock copolymer (Fig. 3). The advantage of the P4VP
block was to induce a pH sensitive character to the ﬁnal
material. Indeed, after the ﬁlm formation the hexagonally
ordered P4VP cylinders can be turned to hydrophobic or
hydrophilic as a function of the pH (pKa (P4VP) = 5.2).
The reversible pH-responsive wettability of the ﬁlmsurface was pointed out by contact angle measurements
at pH below and above the P4VP pKa, leading to, respec-
tively, hydrophilic and hydrophobic characters. An in-
crease of the surface roughness was obtained by peeling
off the top surface of the ﬁlms, which led to an exacerba-
tion of the hydrophobic and hydrophilic character at pH
9 and pH 3, respectively (see Section 7.1). This work pre-
sented the ﬁrst report on honeycomb porous and pillarded
ﬁlms exhibiting a reversible pH-responsive character [78].
The use of amphiphilic copolymers was also explored
in order to localize and orient the polymer self-assem-
bly, at the micrometer length scale, thanks to the
presence of the water droplets during the breath ﬁgure
process. Munoz-Bonilla et al. [79–80] proposed studies
using blends of polystyrene homopolymer and
poly(2,3,4,5,6-pentaﬂuorostyrene)-b-polystyrene-b-poly-
(poly(ethylene glycol) methyl ether methacrylate) amphi-
philic triblock copolymer to produce a dual structure. The
micrometer size cavities were generated without ordering
via the BF process during polymer solution spin casting.
The originality of this work resides in the fact that the
triblock copolymers were located preferentially in the
cavities (at the interface with the former water droplet)
inducing a nano structuration in the cavities only. Fur-
thermore, the authors demonstrated that the localized
nano-phase segregation presented a transition from mi-
celles to lamellae when performing a thermo or THF va-
por annealing [79–80]. In addition, the ﬁlm exhibited
another structural transition at the micrometer length
scale, the cavities turn to ‘islands’ when performing
annealing under wet condition. The initial porous struc-
ture can be recovered by performing an annealing under
dry condition.
3.2. HC and superstructure
In the literature, various methods were employed to
achieve HC morphology together with an ordered super-
structure. A top-down approach was associated with the
bottom-up breath ﬁgure method by using for instance
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or masks [81]. Connal et al. presented a pioneer work in
this area using TEM grid as substrate on top of which they
deposited poly(dimethylsiloxane) (PDMS) core cross-
linked star polymer solutions to later form the HC mor-
phology by BF method [36]. The authors assumed that
the polymer Tg was crucial for the ﬁlm ﬂowing the non-
planar substrate. In a second paper, Connal et al. conﬁrmed
the effect of Tg since only polymers exhibiting a Tg below
50 C were able to ﬁt the TEM grid morphology [38]. The
aim of these studies was to show the feasibility of coating
curved surfaces with a layer of HC polymer ﬁlm for future
applications on micro-ﬂuidic channels. Another objective
was to use the hierarchically ordered ﬁlms as mold for
soft-lithography to prepare cross-linked PDMS stamps.
The same group proposed a second method to get discrete
islands of HC, dipping the grid in the polymer solution be-
fore HC ﬁlm formation, the solution is then retained by the
capillary forces in the mesh of the grid where the HC will
be localized [36]. This idea of PDMS molded stamps was
pursued by Galleoti et al. using a TEM grid on top of a
HC ﬁlm, such a mask, before the molding procedure [81].
More recently, Gong et al. [82] have used TEM grids to pre-
pare a two-level microporous hybrid ﬁlm from polysty-
rene-b-poly(acrylic acid)/ferrocene solution. The textured
surfaces were used as templates to grow the multi-level
CNT patterns, e.g. isolated and honeycomb-structured
CNT bundle arrays perpendicular to the substrate. Masks
for UV photolithography on a HC ﬁlm made of UV photo-
polymerizable molecules [83], UV cross-linkable polymers
[49] or on polymer presenting a solubility transition when
exposed to UV [84] were also used to prepare hierarchi-
cally ordered ﬁlms. Kim et al. [83] presented a study
employing amphiphilic molecules made of benzamide
dendron and an aliphatic dendron containing two diaceth-
ylene groups. UV photolithography was used to induce
localized cross-linking between the diacetylenes that are
photopolymerizable to form polydiacetylenes. After wash-
ing the ﬁlms in solvent, only the cross-linked domains re-
mained and patterned honeycomb lines with widths of few
micrometers were revealed. The minimum width achieved
was in the order of the pore dimension. Kojima et al. [84]
prepared HC ﬁlms with a photo-responsive amphiphilic
copolymer containing photochromic spiropyran. Spiropy-
ran is a hydrophobic photochromic compound which is
photoisomerized to zwitterionic merocyanine by UV light
irradiation. The merocyanine area formed with UV irradia-
tion using masks retained its honeycomb-pattern againstFig. 4. Diverse hierarchical porous structures induced by various shapes of grati
grating. (b) SEM images of ordered structures fabricated using a parallel gratingchloroform vapor, whereas the spiropyran area was dis-
solved. With this method no particular orientation of the
HC ordering was obtained.
Perfect control and orientation of the HC structure can
be achieved using the method proposed by Park et al.
depositing a template on top of the evaporating solution
before the formation and self-organization of the water
droplets leading to hexagonally packed arrays holes in
the mesh space of the grating (Fig. 4) [85]. This method
led to periodic structures at the length scale of few tens
micrometers concomitantly to a well-controlled HC struc-
ture. Most interestingly the authors showed that the shape
of the gratings played a role on the quality of orientation of
the HC through the physical conﬁnement. Indeed, the hex-
agonal grating induced a perfect hierarchical structure,
since the grating shared all the principal axes with the hex-
agonal array of pores. The parallel bar grating induced a
highly ordered two-dimensional structure with pores line-
arly organized along the edge of the grating (Fig. 4b). Final-
ly the square grating presented an improved degree of
ordering despite the inconsistency between the grating
and the pore array axes (Fig. 4c). Furthermore, the authors
discussed the effect of the amount of surfactant in the
polymer solution on the quality of the HC structure at
the interface between the polymer and the grating. They
showed that increasing the concentration of surfactant im-
proved the degree of ordering of the HC thanks to a better
wettability of the polymer on the grating [85].4. Highly structured hybrid honeycomb polymer ﬁlms
The concept of using materials of different chemical
natures and assembling them to obtain a new one that
exhibits enhanced properties can be applied to many dif-
ferent ﬁelds. Although, to obtain interesting properties, a
simple mixture of organic and inorganic materials is not
enough, one has to organize them in a speciﬁc way. Some
of the most signiﬁcant examples of such hybrid systems
can be found in nature with diatoms especially [86–88].
For instance, bio-mineralization could be described as the
process by which living organisms assemble solid nano-
structures from occurring inorganic and organic com-
pounds. The resulting organism could actually be
described as ‘biohybrid’ in which biomolecules and inor-
ganic components are intimately associated. The enhanced
properties of these hybrid materials are not only a result of
the combination of the intrinsic properties of bothngs. (a) SEM image of hierarchical structure fabricated using a hexagonal
and (c) a square grating from reference [85]).
Fig. 5. (Left) Confocal images of BF formation on PF8BT (top) and self-assembled OxZLCOOH at the polymer–air interface in the cavities of a BF PF8BT
(bottom). Yellow and Red ﬂuorescence are due to PF8BT and OxZLCOOH, respectively [90]. (Right) TEM images of cross-sections through the porous
polystyrene ﬁlm. Overview of micron-sized holes (top) and magniﬁcation of the polymer–air interface, where the CdSe nanoparticles can be seen as a thin
black layer (arrowed) (bottom). The inset shows another spot at the polymer–air interface inside one of the holes [91].
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ferent species are also key factors. Only few examples of
structured hybrid ﬁlms using low cost preparation meth-
ods especially by a bottom-up approach, as the BF process,
have been described. In the following part, we will describe
the elaboration of hybrid HC polymer ﬁlms through either
a simultaneous self-assembly of polymer and hybrid nano-
particles or by the in situ formation of hybrid particles from
precursor or by using HC ﬁlm as a template. We will
mainly pay attention to the recent studies published since
2006 as previous works were reviewed by Bunz [2].
4.1. Self-assembly of polymer/nanoparticle blends
The combination of two self-assembly processes on
multiple length scales leads to the formation of hierarchi-
cally structured hybrid honeycomb. In this idea, the
formation of HC by BF method can be combined with the
self-assembly of polymer/nanoparticles mixture at the
polymer solution–water droplet interface. This polymer/
NPs blend-assisted fabrication is a procedure combining
the so-called ‘‘pickering emulsion’’ and BF processes. The
complete evaporation of the solvent and water conﬁnes
the polymer/particle blend assembly into the walls of an
array of micron-sized spherical cavities.
Hult and co-workers [89] used this approach to force
the self-assembly of poly(9,90-dihexyl-ﬂuorene) (PDHF) in
presence of polystyrene-grafted silica nanoparticles
(Si-graft-PS). Blends of Si-graft-PS with 10–60 wt% of PDHF
were dissolved in CS2 and drop cast onto a glass substrate
under humid conditions (66–85% humidity). Highly or-
dered close-packed micro-porous ﬁlms were obtained with
an average pore size between 3.6 and 5.2 lm. A red shift inemission from 420 to 449 nm was observed for continuous
spin casted and honeycomb ﬁlm formed with 60 wt% of
PDHF, respectively. The shift was attributed to the
enhancement of the intermolecular interactions induced
by PDHF–water interactions during HC ﬁlm formation. In-
deed, because water is a poor solvent for PDHF, the aggre-
gation of PDHF chains was then forced by their
conﬁnement into the walls. From this concept, it was also
possible to force the localization of amphiphilic zeolite
crystals at the interface inside the pores. Vohra et al. [90]
used a solution of poly[(9,9-dioctylﬂuorenyl-2,7-diyl)-co-
(1,4-benzo-(2,10,3)-thiadiazole)] (PF8BT) random copolymer
containing a carboxylic acid-functionalized oxonine-loaded
zeolite crystals (OxZLCOOH) (5 wt% in respect to polymer).
The confocal ﬂuorescence microscopy clearly showed two
different emissions from the borders of the cavities and
from the rest of the ﬁlm (Fig. 5 left). The amphiphilic crys-
tals moved toward the water droplet interface to stabilize
it, i.e. pickering emulsions. Using such a system, two levels
of organization were obtained: a regular hexagonal array
of micro-cavities in a polymeric ﬁlm and a selective posi-
tioning of the zeolite in the polymeric micropatterned ﬁlm
[90]. Boker et al. [91] demonstrated that this process can
lead to the decoration of the pores surface by cadmium sel-
enide CdSe quantum dots (QD) of 4 nm diameter (Fig. 5
right).
Since the ﬁrst study of Boker et al., several other metal-
lic nanoparticles such as Fe2O3 as super paramagnetic NPs
[92–93], magnetic Fe3O4 NPs [93], gold (Au) [93–96] or sil-
ver (Ag) [92,95] nanoparticles and CdSe/CdS QDs [93] have
been used to create highly ordered hybrid honeycomb
ﬁlms. The nanoparticles which are immiscible with the
polymer matrix showed interfacial activities driving the
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BF process. The self-organized macroporous honeycomb
ﬁlms showed the combined properties of both the NPs
and the ordered inverse opal structures. Such hybrid ﬁlms
could be used as new photonic band gap materials [93],
light-emitting device [90] or magnetic patterned surfaces
[92–93]. The introduction of functional nanoparticles into
honeycomb ﬁlms provides a simple mean of fabricating in-
verse opals with photoelectric properties that have poten-
tial applications in optics and microelectronics [89].
Moreover, the design of organic electronic devices as well
as photonic and bandgap materials can be achieved by
mixing organic conductive NPs as CarbonNanoTubes CNT
[95,97–98] or fullerene C60 [99] with conjugated poly-
mers. Nurmawati et al. [97] used a semiconducting poly-
mer based on an asymmetrically functionalized
PolyParaPhenylene, i.e. CnPPPOH, with incorporation of a
long alkyl chain (Cn) on one side and hydroxyl group on
the other side of the polymer backbone leading to the de-
sired amphiphilicity. Microporous honeycomb patterned
ﬁlms were prepared by direct spreading and evaporation
of dilute polymer/CNT chloroform solution (0.05 wt%).
The polymeric ﬁlm with blue-light-emitting properties ob-
tained from C12PPPOH presented a highly periodic, defect-
free structures with a good spatial distribution of CNTs
[97]. This straightforward and inexpensive method for
the preparation of hybrid thin ﬁlms has been extended to
homogenous distribution of gold and silver NPs presenting
plasmonic properties. Synergistic self-organization of
metallic NPs and semiconducting polymer resulted in efﬁ-
cient quenching of the hybrid ﬁlms, demonstrating strong
interactions between NPs and C12PPPOH [95]. Such phe-
nomenon has also been demonstrated with a blend of
C60 and PolyPhenyleneVinylene PPV (P1) [99]. Well-
dispersed CNTs were also used for the preparation of a
superhydrophobic and conductive porous nanocomposite
coating [98]. After casting the CNT/regioregular poly(3-
hexylthiophene)-block-polystyrene rrP3HT-b-PS dispersion
followed by rapid evaporation of the solvent, a superhy-
drophobic surface (water contact angle  154–160) with
a conductivity in the range of 30–100 S cm1 was obtained.
Nevertheless, some developments have still to be done to
create highly structured superhydrophobic and conductive
ﬁlms. The recent study of Ji et al. was the only work pre-
senting an elegant way to tune the localization of silica
NPs inside a highly structured honeycomb ﬁlm depending
on the NP surface functionalization [100]. Using the parti-
cle-assisted fabrication of honeycomb-structured hybrid
ﬁlms, both hydrophilic and hydrophobic SiO2 NPs were
used to prepare HC ﬁlms. It appeared that a honeycomb-
patterned structure could be successfully formed regard-
less of particle wettability. The hydrophilic raw nanoparti-
cles were basically adsorbed on the pore surface while
hydrophobic octadecyltrimethoxysilane-modiﬁed particles
were assembled into the interior walls. Due to the hydro-
philic nature of raw silica particles, they were mainly lo-
cated in the water phase during the early stage of BF
process. For the hydrophobic functionalized silica NPs,
the precipitating polymer layer was pulled around the
droplet, hence forcing the hydrophobic NPs to be localized
inside the walls. Here, one can mention that highly orderedhoneycomb-structured gold NPs (stabilized by dodecane-
thiol) ﬁlms can be achieved without the use of polymers
[101–102]. Moreover, Han et al. were able to ﬁnely tune
the shape of the pores, from spherical to elliptic pores, just
by orienting the airﬂow across the solution surface [101].
4.2. In situ formation of the hybrid honeycomb ﬁlms
Mixtures of polymer and metallic precursors of NPs
have been used to create micro-patterned hybrid polymer
ﬁlms by BF method. The polymer governs the honeycomb
ﬁlm formation with micron-sized pores and the walls are
ﬁlled with the precursors of NPs. Thus, highly structured
hybrid honeycomb polymer ﬁlms can be created in situ
and in some cases, the polymer phase can be burned out
by pyrolysis to form an entire inorganic HC ﬁlm.
The polymer-nanoparticle composite ﬁlm can also be
prepared by a one-pot reduction of metallic ions during
the ﬁlm formation as described by Jiang et al. [103]. In this
work, by in situ reduction method, the presence of silver
nanoparticles (Ag NPs) in PolyUrethane (PU) inﬂuenced
the formation of regular pore arrays on the surface
depending upon the humidity levels, the content of Ag
NPs and polymer. It was noticed that Ag NPs promoted
BF formation at low humidity (<30% humidity). Chen
et al. proposed an alternative strategy to fabricate func-
tional honeycomb-patterned ﬁlms with controllable pore
sizes via BF based on ionomers [104]. Ionomers are poly-
mers with a small mole fraction of chemically bonded ionic
moieties. In this case, well-deﬁned poly(methyl methacry-
late)/cadmium acrylate (PMMA/Cd(AA)2) ionomers were
synthesized via radical polymerization and Cd(AA)2 (two
acrylates bonded to one Cd2+) acted as a cross-linker. Sub-
sequently, ordered porous ﬁlms were successfully depos-
ited on glass substrates from the ionomer solutions
under a humid environment. The pore sizes of these ﬁlms
could be simply tuned by adjusting the classical experi-
mental parameters such as the concentrations of the iono-
mer solutions or the molar ratios of monomers. Moreover,
depending on the chemically bonded Cd2+ ions in the poly-
mer matrixes, in situ generation of CdS NPs was possible by
exposing the chloroform solution of PMMA/Cd(AA)2 to an
H2S atmosphere. Evaporation of the solvent yielded to hon-
eycomb-patterned PMMA/CdS QDs-polymer ﬁlms which
showed favorable ﬂuorescence in the absence of quench-
ing, characteristic of the good dispersion of the NPs in
the polymer ﬁlm. Moreover, hydrophobicity was observed
over several months. Li et al. [105] fabricated patterned
composite ﬁlm with hemispherical TiO2 microparticles ly-
ing in the holes of a honeycomb polystyrene ﬁlm. The TiCl4
precursor was located inside the condensed water droplets
which acted as ‘‘microreactors’’ for the TiCl4 hydrolysis
concomitantly to the formation the ordered porous poly-
mer matrix.
A second approach consisted in ﬁrst using the honey-
comb polymer ﬁlms to localize the precursors inside the
walls and to further generate the growth of NPs after burn-
ing the organic phase, thus creating honeycomb inorganic
ﬁlms. As mentioned previously, the deposition of ZnO
NPs precursor was achieved by Karthaus et al. using a
poly(styrene-co-maleic anhydride) (PS-co-PMAh) to create
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BF templating [106]. They also described the possibility
to create a pure ZnO honeycomb ﬁlm with photocatalytic
properties. An amphiphilic polyion complex (PIC) was ﬁrst
prepared by mixing equimolar amounts of an aqueous
solution of poly(styrene sodium sulfonate) (PSSNa) and a
vesicular emulsion of bishexadecyldimethyl ammonium
bromide. The polyion complex was further mixed with zinc
complex, i.e. acetylacetonate hexahydrate Zn(acac)2, in
various ratios. With the 1:1 mixture of Zn(acac)2:PIC,
well-developed honeycomb ﬁlms can be achieved but the
structure is destroyed upon pyrolysis because the amount
of inorganic material was not enough to retain the orga-
nized structure [106]. The 5:1 mixing ratio allowed to
overcome this problem and produced stable honeycomb
structures after pyrolysis. The pyrolysis obviously led to
shrinkage of the ﬁlm, but the integrity of the in-plane
structure of the honeycomb ﬁlm was well preserved. The
organic material in the rim decomposed, and thus the
rim got thinner but the pore-pore distance remained sim-
ilar. Moreover, ﬂuorescent images of such ﬁlms under vio-
let excitation showed a weak blue ﬂuorescence, which
pointed out a crystalline ZnO ﬁlm with few defects. The
same process was used by Zhao et al. to produce a honey-
comb structured hybrid ﬁlm into inorganic photoactive
titanium oxide TiO2 ﬁlm [107]. A solution of PS
(Mw = 30,000 g mol1) with titanium tetraisopropoxide
(TTIP) as TiO2 precursor was prepared. They demonstrated
a simple and effective vapor phase hydrothermal modiﬁca-
tion method (calcinations at 550 C for 2 h) capable of
transforming a 3D honeycomb structured PS/TTIP hybrid
ﬁlm into a photoactive TiO2 ﬁlm without dismantling the
originally templated 3D structure. The preservation of the
organic/inorganic hybrid ﬁlm structure during its conver-
sion to pure inorganic ﬁlm by means of pyrolysis was en-
sured [107]. Ma et al. [108] also reported a similar facile
methodology to prepare highly ordered ceramic micropat-
terns on solid substrates by pyrolyzing UV cross-linked
polymer microporous ﬁlms formed by a poly-
dimethylsiloxane-b-polystyrene block copolymer and tet-
rabutyl titanate Ti(OC4H9)4, as a functional precursor of
TiO2. Taking advantage of the compartmentalization of
the NP precursors inside the walls of the honeycomb ﬁlms,Fig. 6. (Left) SEM image of hydrothermal ZnO nanorod arrays grown from Zn(acc
arrays grown from ferrous honeycomb structured pattern [109].Li and co-workers proposed a very interesting way to cre-
ate a hierarchical structured honeycomb hybrid ﬁlms
[109–110]. They used an amphiphilic diblock copolymer,
polystyrene-b-poly(acrylic acid) (PS-b-PAA), synthesized
by atom transfer radical polymerization exhibiting molar
mass of PS and PAA blocks of 9000 and 2500 g mol1,
respectively (dispersity = 1.07). A classical procedure was
used to prepare a honeycomb structured ﬁlm from a PS-
b-PAA solution in CS2, containing ferrocene or zinc acetyl
acetaonate (Zn(acct)2) as chemical precursors of CNTs or
ZnO NPs, respectively. This ﬁlm formation was followed
by a photochemical cross-linking of the copolymer under
UV light. After 4 h of UV exposure, the cross-linked ﬁlm
was heated at 450 C within 2 h and held for another 5 h
under air atmosphere. During the pyrolysis, the functional
precursor turned into oxide and replaced the polymer skel-
eton, leading to functional inorganic patterns. Indeed, such
functional inorganic honeycomb ﬁlms were used to grow
CNTs or ZnO nanorods arrays from ferrocene (using acety-
lene ﬂow at 750 C) and zinc precursors, respectively
(Fig. 6) [109].
Ma et al. [110] also generated the growth of CNTs bun-
dles by Chemical Vapor Deposition (CVD) from the center
of the pores of the honeycomb patterns. In this case, the
CNTs were perpendicularly oriented from the surface.
The growth mechanism of the isolated CNT bundles was
attributed to the selective interfacial aggregation of the
ferrocene onto the surface of the cavities via the ‘‘picker-
ing-emulsion’’ effect. On the other hand, honeycomb-like
skeleton of the dense CNT arrays was developed from the
catalytically functionalized hexagonal edges [110].4.3. Polymer honeycomb ﬁlms as templates
A different method to produce micropatterned inor-
ganic/organic structures is to use polymer honeycomb
structured ﬁlms as templates for the deposition of inor-
ganic nanoparticles (NPs) onto the surface by dipping the
ﬁlm into colloidal solution or by vacuum deposition of a
volatile metal oxide precursor. In both cases, the honey-
comb ﬁlm needs to be stable in the solvent of the NPs or
at the temperatures reached during vacuum evaporation.t)2 honeycomb structured pattern. (Right) SEM image of carbon nanotube
Fig. 7. Fluorescence microscopy image of a PS microporous ﬁlm covered with QDs and AFM image of the same sample (inset) (a) and same ﬁlm after 30 min
thermal treatment at 150 C (b) [112].
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for a selective assembly of silica SiO2 NPs on patterned por-
ous surfaces. The polystyrene-block-poly(N,N-dimethyl-
aminoethyl methacrylate) (PS-b-PDMAEMA) amphiphilic
block copolymer was synthesized by ATRP and used for
the preparation of honeycomb-patterned porous ﬁlms by
the breath ﬁgure method. Positively charged ﬁlms were
fabricated by direct casting of the quaternized copolymer
or by surface quaternization. Then, the negatively charged
raw SiO2 NPs can selectively assemble onto the external
surface or across all surfaces of the ﬁlm by simple modula-
tion of the hydrophilicity of the surface. Indeed, when a
negatively charged poly(sodium acrylate) was adsorbed
onto the external surface of the ﬁlm, it could serve as an
effective blocking layer to drive the selective assembly of
NPs into the pores. Thus, the wettability and the Cassie–
Wenzel transition were proved to be the key factor for
the selective NP assembly onto the highly porous ﬁlms
[111]. Using a similar approach, Galeotti et al. [112] cre-
ated cadmium telluride (CdTe) nanocrystal assemblies
guided by breath ﬁgure templates. The honeycomb ﬁlms
were prepared using a CS2 solution of a long chain polysty-
rene (Mw = 230,000 g mol1), which guaranteed the
robustness of the structure, mixed with a short chain ami-
no-terminated (Mw = 4700 g mol1), which was required
for obtaining well-ordered BFs. The presence of a small
amount of the amphiphilic PS stabilized the water/CS2
interface during BF formation preventing the collapse of
water droplets, as previously described [22,34]. Even
though the internal surface of cavities was enriched with
the most polar groups of the polymer, i.e. amino groups,
the top surface of the ﬁlm was still too hydrophobic to
be wetted by water. The microporous PS ﬁlms were then
subjected for 20 s to oxidative plasma treatment before
being dipped into the solution of CdTe quantum dots
(QDs) stabilized by sodium mercaptopropylcarboxylate
[112]. The hybrid ﬁlm resulting from the deposition of
QD solution, when seen by the ﬂuorescence microscope,
was not much different from the pristine PS ﬁlm except
it was emitting in the red (Fig. 7a).Such thin layers were then subjected to a thermal treat-
ment above the Tg of both polymers (150 C for 30 min).
While the BF structure of raw PS ﬁlm completely collapsed
during the treatment, the HC ﬁlm covered with QDs re-
tained its organized structure (Fig. 7b). One can notice that
neither the contact with the PS layer nor the honeycomb
morphology were found to noticeably affect the lumines-
cence feature of the QDs nanocrystals (maximum of nano-
crytals CdTe photoemission at 656 nm in bulk or adsorbed
onto PS honeycomb). Tsai et al. [99] demonstrated the fab-
rication of honeycomb structures based on a functionalized
PPV, poly(2,5-bis(3-(N,N-diethylamino)-1-oxapropyl)-1,4-
phenylenevinylene) (P1) chlorobenzene solution, using
the breath ﬁgure technique. This conjugated polymer
(Mw = 10,500 g mol1), when dissolved in chlorobenzene,
featured absorption and photoluminescence (PL) spectra
peaking at 503 nm and 565 nm, respectively. The P1-based
honeycomb demonstrated charge transfer when the hon-
eycomb was complexed with organic NPs, as fullerenes
(C60), either by electrostatic interaction (P1/C60 honey-
comb hetero-junction) or in blend. It was demonstrated
that the P1-honeycomb-patterns exhibit highly intense
and red-shifted (peak at 600 nm) photoluminescence com-
pared to that of the drop-casted P1 ﬁlms, likely reﬂecting
regions of ordered close packing or enhanced p–p stacking
between polymer chains [99]. Thus, an enhancement of the
charge transfer was found through photoluminescence
quenching upon complexation of P1-honeycomb with ful-
lerene, either in hetero-junction or in blend. Such behavior,
combined with the high transparency of this framework
due to the large size of the pores (3–4 lm), could be
exploited in the future for the fabrication of photovoltaic
windows, sensors, or organic solar cells [99]. Yabu et al.
[113] described the fabrication and electroless plating of
regular porous and pincushion-like polymer structures
prepared by self-organization under humid air. After depo-
sition of the Pt/Pd catalyst layer, the ﬁlm was soaked into
an aqueous solution of silver nitrate. After thermal decom-
position or solvent elution of the template polymer, unique
metal mesoscopic structures were obtained.
Fig. 8. (Top) Fabrication diagram of well-ordered porous nanocomposite polymer ﬁlms and (bottom) SEM images of P(St-BA-AA)/silica nanocomposite
ﬁlms with various thickness (a) 72 lm, (b) 23 lm, and (c) 4 lm. Drying conditions: 120 C for 2 h [117].
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who chose a poly(styrene-co-maleic anhydride) copolymer
to create a patterned zinc oxide ZnO ﬁlms by BF templating
[106]. This copolymer can be chemically cross-linked by a
1,8-diamino octane to produce a thermally stable honey-
comb ﬁlm, as already mentioned [46]. As the metal oxide
precursor, zinc acetylacetonate hexahydrate Zn(acac)2
was used and upon heating in vacuum, the complex evap-
orated and then adsorbed onto the micro-patterned sub-
strate. After pyrolysis of the PS-co-PMA organic matter,
this process created an inorganic honeycomb-patterned
ﬁlm presenting an enhanced photo-catalytic activity. In-
deed, an increase in surface area ﬁrst facilitated the diffu-
sion of photo-generated reactive species from the surface
and the diffusion of reactants into the porous photo-cata-
lytic structure. The second advantage of that microporous
structure was the strong light scattering of the HC struc-
ture. This led to multiple passes of photons through the
ﬁlm, thus increasing the photo-catalytic efﬁciency [106].
Here, we can also mention the possibility to use the
honeycomb ﬁlms to elaborate hybrid pincushion ﬁlms
arranging pillar structures hexagonally. Such structures
were prepared by peeling off the top layer of the honey-
comb-patterned ﬁlms. The preparation of zinc oxide
[114] or silver [115] ‘‘spikes’’ structure ﬁlms by using elec-
troless deposition method or vacuum deposition, respec-
tively, onto the polymer pincushion were described by
bottom-up techniques.
4.4. Highly structured hybrid honeycomb ﬁlms by a non usual
process
A novel and facile method for the fabrication of nano-
composite ﬁlms with ordered porous surface structureswas developed by Wu and co-workers [116–117]. In this
approach, a water-borne poly(styrene-co-butylacrylate-
co-acrylic acid) P(St-BA-AA)/silica nanocomposite disper-
sion was ﬁrst synthesized by emulsion polymerization.
The emulsion was subsequently cast on a substrate and
forced-dried at high temperature was applied. A hexago-
nal ordered porous structure can be directly obtained on
the surface of the nanocomposite ﬁlm (Fig. 8).
The pore size and the pore-to-pore distance can be
modulated by the particle size of polymer latex. Indeed,
when the particle diameters of the polymer latex were
160, 270 and 390 nm, the mean pore diameters 105,
210 and 280 nm with an average distance of 160, 280
and 370 nm, respectively. We can notice that pore diam-
eters are smaller than the ones commonly observed in
HC ﬁlm casted from volatile organic solvent in the
presence of humid airﬂow (BF method [2–3]). Compared
to conventional BF method, this approach apparently
presents some unique characteristics and advantages:
(i) the ordered porous polymeric ﬁlms can be obtained
directly from water-borne polymer system; therefore, it
is very simple and environmentally friendly, (ii) this
approach can be used for the mass production of porous
polymeric ﬁlms and (iii) the pore-size distribution is very
narrow, and the size of the pores can be easily tailored
by adjusting the drying temperature and the respective
diameters of the polymer latex. This is the only example
of the fabrication of an ordered porous nanocomposite
and polymeric ﬁlm from a water-borne system without
the use of either a template or a solvent [116–117].
Nevertheless, only one latex with a speciﬁc composition
of ﬁlm forming polymer (low Tg), high Tg (PS) and
hydrophilic monomer (acrylic acid) has been used
yet.
Fig. 9. Confocal microscopy images of ﬁlms cast from a mixture of amphiphilic b-galactose-based copolymer and 6-arm star polystyrene: (A) top section of
ﬁlm and (inset) cross section of ﬁlm conjugated with ﬂuorescent PNA; (B) top section of ﬁlm and (inset) cross section of ﬁlm loaded with ﬂuorescent ConA;
(C) top section of ﬁlm cast from non-functionalized 6-arm star polystyrene only loaded with ﬂuorescent PNA [126].
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The fabrication of honeycomb patterned microporous
ﬁlms with luminescent properties prepared by the breath
ﬁgure technique has gain interest since the last years
[53,118–124]. Fluorescent polymers bearing lateral pen-
dant groups [53,119,123], diblock [118,125], star-shaped
[124], hyperbranched [55] ﬂuorescent copolymers were
designed to form photoluminescent honeycomb polymer
ﬁlms. Other studies took advantage of the selective binding
between ﬂuorescent molecules and moieties of the poly-
mer chains forming the ﬁlm in order to highlight the loca-
tion of the polar groups inside the organized porous ﬁlm
[120,122–123,126]. For instance, proteins have the ability
to conjugate selectively to the polar carbohydrate moieties
of amphiphilic glycopolymers. The confocal ﬂuorescence
microscopy characterization of the micropatterned porous
surface cast from polymer mixture demonstrated the
selective enrichment of the anchored ﬂuorescing protein
in the inner part of the pores (Fig. 9) [126]. The biofunc-
tional polymer ﬁlm showed a selective immobilization of
the peanut agglutinin (PNA) lectin on the b-galactose moi-
eties whereas no interaction with the Concanavalin A (Con
A) was observed. (Fig. 9) [126]. The accessibility of the hy-
droxyl groups of carbohydrate residues in the surface of
the pores was also highlighted by the reaction of Rhoda-
mine isocyanate with carbohydrate residues [122].One of the key issues in the elaboration of functional
polymer ﬁlm is the orientation of polymer chains towards
the surface to reveal some functional active chemical
groups. The mechanism of honeycomb ﬁlm formation by
breath ﬁgure occurring in a wet environment is then an
efﬁcient simple approach to achieve the preparation of
functionalized patterned polymer ﬁlm with a spontaneous
regular distribution of the polar groups localized in the
vicinity of the cavities [120,123]. With this idea, Galeotti
et al. designed functionalized honeycomb ﬁlms either from
amino-terminated polystyrene where amino functions
reacted with ﬂuorescent dyes or directly from ﬂuorescent
labeled amino-polystyrene [120]. The ﬂuorescence micros-
copy image evidenced that ﬂuorescence response is higher
inside the cavities, indicating the higher concentration of
the polar amino groups in the pores [120]. After a thermal
treatment of the ﬂuorescent tagged PS honeycomb ﬁlm,
ﬂat ﬁlms with spots of ﬂuorescent dye arranged in the
same position as the native cavities were recovered
[120]. One can mention that ToF-SIMS (time of ﬂight sec-
ondary ion mass spectrometry) imaging was also a power-
ful method to highlight the presence of polar p-
toluenesulfonate piperidinium end group in the vicinity
of the pores of polystyrene honeycomb ﬁlms [127].
Highly ordered luminescent ﬁlms prepared by the BF
approach from self-assembly of conjugated copolymers
have also attracted scientiﬁc interest for the last four years
Fig. 10. (a) FE-SEM image of cross-section structure of PF7-b-PSA166 order
bubble array ﬁlm tilted at 45 (b) 3D reconstruction image via scanning
laser confocal microscopy of PF7-b-PSA166 microporous ﬁlm [125].
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copolymers [118,125], star shape polymers with styrene-
ﬂuorene moiety [124], alternated polyﬂuorene copolymer
bearing tetrahydropyranyl groups on its lateral chains
[53] and spiropyran functional polymers [119] proved to
be suitable polymers for the elaboration of micropatterned
porous polymer ﬁlms. Scanning electron microscopy
(SEM) has been the most widely used technique to conﬁrm
the organization of these honeycomb ﬁlms [53,119,124].
Field electron SEM images can evidence more precisely
the cross section morphology of HC ﬁlm based for instance
on poly(2,7-(9,9-dihexylﬂuorene))-b-poly(stearyl acrylate)
(PF-b-PSA) diblock copolymers (Fig. 10) [125]. Laser confo-
cal ﬂuorescence microscopy was the method of choice to
show the uniform emission of ﬂuorescent polymers in
the ordered porous ﬁlm as depicted in Fig. 10 for the PF-
b-PSA diblock copolymer [53,118,124–126].
The photoluminescent properties of the selected
polymer ﬁlms were shown by UV-visible absorption and
emission spectra [55,119,124–125]. A ﬁrst example of
photo-responsive honeycomb ﬁlms was published by
_Connal et al. using a photochromic polymer synthesized
by the derivatization of poly(acrylic acid) with 2-(30,30-di-methyl-6-nitro-30H-spiro-[chromene-2,20indol]-10-yl)-
ethanol [119]. Hsu et al. compared the photophysical prop-
erties of ordered microporous polymer ﬁlms and spin
coated ﬁlms prepared from star-shaped styrene ﬂuorene
polymers [124]. The absorption and emission peak maxima
exhibited a bathochromic shift of ca. 20 nm between the
spin coated ﬁlm and the porous structured ﬁlm, indicating
an enhancement of the p-interaction between polymer
chains in the HC ﬁlm [124].6. Biomaterials based on honeycomb polymer ﬁlms
In recent years, synthetic glycopolymers (i.e. polymers
carrying pendant carbohydrate moieties) and natural poly-
saccharides such as cellulose have received increasing
attention especially for bio-surface or bio-active engineer-
ing. Since the last ﬁve years, many efforts have been done
in this direction using the breath ﬁgure method to form
biofunctional porous polymer ﬁlms. It has been shown that
honeycomb polymer ﬁlms have favorable effect on cell-
biomaterial interaction supporting the improvement of cell
attachment by structured surfaces [18,77,128–132].
Through immobilization of bio-active counterpart, the
structured surface can play a role in biomolecule sensing.
The following section will be divided in two parts. The ﬁrst
one will deal with honeycomb ﬁlms decorated with carbo-
hydrate moieties coming from either natural polysaccha-
ride or synthetic glycomonomers. The second part will
deal with biosensing (complexation with protein or glu-
cose) in honeycomb porous polymer ﬁlms.6.1. Honeycomb ﬁlms decorated with glycopolymers
The ﬁrst report on honeycomb porous ﬁlm containing
carbohydrate moieties was carried out in 2005 by Hernan-
dez-Guerrero et al. [15]. In this work cellulose grafted poly-
styrene was synthesized using Reversible Addition
Fragmentation Transfer (RAFT) polymerization of styrene
initiated from a cellulose backbone derivatized with a dith-
iobenzoate RAFT agent. Results showed that the more reg-
ular honeycomb ﬁlms were obtained for high PS content.
The resulting ﬁlms were ﬂexible and also insoluble in many
usual solvent. Liu et al. [133] synthesized ethyl cellulose
(EC) graft copolymers by Atom Transfer Radical Polymeri-
zation (ATRP) with either polystyrene (PS) or poly(tert-bu-
tyl acrylate) (PtBA) or poly(ethylene glycol methacrylate)
(PEGMA) side chains. The authors studied the inﬂuence of
solution concentration, relative humidity, percentage of
styrene on pores sizes and pore size distribution in the hon-
eycomb ﬁlms [133]. No ordered porous ﬁlmswere obtained
in the case of EC-g-PtBA and EC-g-P(PEGMA) due to, respec-
tively, the low glass transition temperature of PtBA and the
hydrophilicity of the P(PEGMA) side chains. For EC-g-PS
copolymers, ordered porous ﬁlms were obtainedwith a rel-
ative humidity above 60% and polymer solution concentra-
tion ranging between 5 and 15 g/L. Honeycomb porous
ﬁlms can also be decorated with carbohydrate moieties
from synthetic glycopolymers. Indeed, HC ﬁlmswith carbo-
hydrate functionalized pores were obtained from diblock,
statistical, gradient or comb-like copolymers based on
Table 2
Chemical structures of various glycomonomers and the corresponding polymers used for the design of honeycomb porous ﬁlms.
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copolymers of styrene and carbohydrate monomer were
synthesized by different controlled radical polymerization
techniques such as Nitroxide Mediated Polymerization
(NMP), ATRP, RAFT or stable free radical polymerization
(SFRP) (see Table 2).
Ting et al. implemented NMP to synthesize poly
(styrene-b-(2-(20,30,40,60-tetra-O-acetyl-b-D-galactosyloxy)-
ethyl methacrylate)-co-styrene) (PS-b-P(AcGalEMA-co-S)
block copolymers with a content of galactose-based mono-
mer higher than 50 mol-% [126]. After the deacetylation
step of the AcGalEMAmoieties, irregular porous ﬁlms were
fabricated from this amphiphilic copolymer. The poor
quality of ordering was ascribed to the decrease of the sur-
face tension caused by the amphiphilic block copolymer,
leading to the coalescence of the water droplet. By mixing
a 6-arm star PS with the amphiphilic block glyco-copoly-
mer (1:1 w/w), the regularity of the hexagonal array was
enhanced. Ke et al. [134] synthesized by ATRP poly
(styrene)-poly(2-(2-,3-,4-,6-tetra-O-acetyl-b-D-glucosyloxy)
ethyl methacrylate) (PS-AcGEMA) linear block or randomcopolymers and PS-b-(PHEMA-g-AcGEMA) comb-like
copolymers. The inﬂuence of the polymer architecture on
the porous HC ﬁlms was investigated to conclude that
block and comb like copolymers had great ability to form
HC porous ﬁlm while the random copolymer HC ﬁlm
exhibited highly disordered pores [134]. A similar study
was conducted by Muñoz-Bonilla et al. [122] with statisti-
cal poly(styrene-co-2-(D-glucopyranosyl)aminocarbonyl-
oxy ethyl acrylate) (P(S-co-HEAGl)) synthetized by
conventional free radical copolymerization. Mixtures of
10–50 wt% of amphiphilic copolymer and 90–50% of poly-
styrene (Mn = 250,000 g mol1) were dissolved in THF to
form honeycomb porous ﬁlms by spin-coating casting
technique under controlled relative humidity (40% or
57%) [122]. By controlling parameters such as humidity,
temperature and composition of the blend, the authors
prepared surfaces with different pore size and distribution.
Escalé et al. recently designed gradient, statistical and
block amphiphilic glyco-copolymers to explore the impact
of the polymer chain microstructure on the HC porous ﬁlm














Fig. 11. Upper line: AFM topography images (10  10 lm) of honeycomb porous ﬁlms from PS-b-PGalEA, PS-b-P(S-grad-GalEA) and P(S-stat-GalEA) in CS2
at 5 g L1 (from A to C). Bottom line: AFM topography images of honeycomb ﬁlms obtained with mixture of PS-b-PGalEA, PS-b-P(S-grad-GalEA) or P(S-stat-
GalEA) with linear PS (1:1 w/w) (from A to C) from reference [27].
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O-acetyl-b-D-galactosyloxy)ethyl acrylate (AcGalEA). The
authors showed the great potential of gradient copolymer
alone to form ordered porous polymer ﬁlm [27]. On the
other hand, statistical copolymers displayed a disordered
porous structures with an additional small porosity ob-
served for the amphiphilic diblock copolymer (Fig. 11),
which was ascribed to the presence of inverse micelles.
6.2. Biosensing from HC polymer ﬁlms
Speciﬁc properties of HC ﬁlms as biomaterials are pro-
vided by the BF method in humid atmosphere which in-
duces a speciﬁc location of the polar groups at the
surface of the pores (as shown in Section 5). Then, HC ﬁlms
have shown the ability to play a role in sensing biomole-
cules such as proteins through the presence of the sugar
functions at the pore surface. The bioactivity of the amphi-
philic glycopolymer based HC ﬁlms was explored through
the conjugation of the carbohydrate moieties with speciﬁc
proteins. For instance, Ting et al. [126] highlighted by con-
focal ﬂuorescence microscopy the selective conjugation of
peanut agglutinin (PNA) with the b-galactose moieties of
the functionalized porous ﬁlms. On the other hand, studies
on lectin recognition on honeycomb-patterned ﬁlms dem-
onstrated that glucose-containing ﬁlms can speciﬁcally
recognize Concanavalin A (ConA) [122,134].
Another strategy to afford bio-activity to the HC ﬁlm
consists in taking advantage of the polar group orientation
to post-functionalize the HC pore surface. In the work of
Min et al. [135], honeycomb ﬁlms were ﬁrst elaborated
with poly(styrene-b-acrylic acid) (PS-b-PAA) block copoly-
mer and subsequently functionalized with a biotin-strep-
tavidin complex. Biotinylated Escherichia coli bacteria
cells were selectively immobilized inside the pores. Li et
al., using commercially available poly(styrene-b-butadi-ene-b-styrene) triblock copolymer, elaborated solvent
and thermal resistant honeycomb ﬁlm through photo-
chemical cross-linking. This step led to the formation of
polar groups on the surface of the HC ﬁlms, which were
found to be suitable for cell attachment for pore size of
3 lm [136]. Nystrom et al. synthesized star and linear PS
by ATRP to form honeycomb ﬁlms [137]. The living poly-
mer chain ends at the surface were then used to insert
poly(glycidyl methacrylate) (PGMA) chains by a grafting-
from approach. As mentioned in this study, the morphol-
ogy of the porous ﬁlm can be affected by the grafting
experimental conditions (nature of the solvent and mono-
mer concentration), the main issue being the ﬁlm dissolu-
tion during the polymerization process [137]. Results
showed that the monomer concentration had to remain
low (from 50 to 25 vol.%) and water was the most appro-
priate solvent. In order to conﬁrm the presence of sur-
face-grafted GMA, attenuated total reﬂectance-infrared
(ATR-IR) was used on the dry ﬁlms. Moreover, SEM imag-
ing showed the distortion induced by the grafting yields
since high grafting yields led to distorted ﬁlms. The bio-
functionalization of the pores was then performed by an
epoxy-amine click reaction between amine-biotin and
PGMA moieties. Sensing property of the HC ﬁlm was dem-
onstrated by further binding with Cy5-labeled streptavidin
[137]. Ke et al. [138] functionalized the hydroxyl groups of
poly(styrene-b-hydroxyethyl methacrylate) (PS-b-PHEMA)
honeycomb ﬁlm with 2-bromoisobutyryl bromide. Surface
initiated ATRP of 2-(2-,3-,4-,6-tetra-O-acetyl glucosyl-
oxy)ethyl methacrylate) (AcGEMA) was carried out from
the halogenated surface groups. ATR-IR, X-ray photoelec-
tron spectroscopy (XPS) and AFM were used to conﬁrm
the grafting efﬁciency [138]. Min et al. performed sur-
face-initiated RAFT copolymerization of N-isopropyl acryl-
amide (NiPAAm) and N-acryloyl glucosamine from cross-
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show the ﬁlm bioactivity via its speciﬁc recognition with
sugar groups. It is interesting to note that the conjugation
with the lectin can be controlled by temperature from the
thermo-responsive character of the PNIPAAm-co-PAGA
random copolymer grafted chains. Above the lower critical
solution temperature (LCST), the copolymer collapsed
exposing the sugar hydrophilic moieties to the environ-
ment while below the LCST the hydrated chains interfered
with the conjugation between glucose and ConA. Conse-
quently, below the LCST, the conjugation was switched
off, whereas above it, the glucose moieties/lectin binding
became stronger [46].
Chen et al. described the design of phenylboronic acid
(PBA) based segregated patterned porous ﬁlm for glucose
sensing [139]. First, the hydrophobic polystyrene-b-poly(-
methyl acrylate) (PS-b-PMA) diblock copolymer was syn-
thesized by ATRP. After the hydrolysis of the methyl
acrylate moieties into acrylic acid (AA), the PBA pendant
groups were incorporated into the polymer chain by the
reaction between 3-aminophenylboronic acid and poly(-
acrylic acid), leading to polystyrene-b-poly(acrylic acid-
co-acrylamidophenylboronic acid) (PS-b-P(AA-co-AAPBA))
with different contents of PBA pendant groups. The PS-b-
P(AA-co-AAPBA) was dissolved in carbon disulﬁde to form
the HC ﬁlm by BF method [139]. The PBA-functionalized
HC ﬁlms showed glucose sensing ability. Fluorescence
spectroscopy was used to conﬁrm the bioactivity of the
ﬁlm with Alizarin Red S (ARS) as probe. First the probe
was immobilized onto the honeycomb ﬁlm taking into ac-
count that the formation of ARS–PBA complex increased
greatly the ﬂuorescence intensity of ARS. Considering that
the association constant between ARS and PBA is 282 times
higher than the one between glucose and PBA at pH 7.4, an
excess of glucose was then used to replace the immobilized
ARS. As a consequence of the replacement, the ﬂuorescence
was quenched, meaning the effectiveness of the glucose
sensing. A quartz crystal microbalance (QCM) was also
used to investigate the amount of attached glucose in the
ﬁlm [139]. Results showed that the binding of PBA with
glucose was more effective when the surface was pre-wet-
ted with ethanol in order to reveal the OH group. Indeed,
the oscillation frequency shift increased largely in compar-
ison with the non-wetted HC ﬁlms [139]. Recently, Zhang
et al. proposed an original method to produce in one-step
protein-containing ordered HC ﬁlms by introducing pro-
teins into an inverse emulsion stabilized with an PS-b-
PHEMA block copolymer [140]. By this way, multistep
preparation including synthesis, patterned ﬁlm fabrication
and bio-molecule immobilization was performed in one
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Fig. 12. Reversibility of contact angles (CAs) of a water droplet deposited
onto (A) PS-b-P4VP honeycomb ﬁlm and (B) PS-b-P4VP micro-pillarded
ﬁlm from reference [78].7. Functional materials based on honeycomb porous
ﬁlms
7.1. Smart honeycomb porous surface responsive to an
external stimuli
BF method allowed for the preparation of ordered mi-
cro-patterned surfaces sensitive to an external stimulussuch as solvent, pH or temperature to provide new smart
surfaces.
Cui et al. proposed several studies on the design of
reversible honeycomb membranes based on polystyrene/
poly(2-vinylpyridine) (PS/P2VP) mixture phase separation
[141–145]. Two kinds of structures were obtained depend-
ing on the post-solvent treatment of the honeycomb ﬁlm
by immersion into water or by solvent vapor annealing
with carbone disulﬁde (CS2), toluene, tetrahydrofurane
(THF), dimethylformamide (DMF) or methylethyl ketone
(MEK). When the atmosphere was P2VP selective (water,
DMF, MEK), island-like patterned surface was observed,
whereas classical honeycomb porous surface was obtained
when the atmosphere was PS selective (THF, CS2, Toluene).
A reversible behavior was observed by changing the nature
of the solvent.
The elaboration of thermo-sensitive honeycomb porous
ﬁlms has emerged since 2008 with the work of Stenzel and
co-workers [128]. For that purpose, thermo-responsive
PNiPAAm polymer chains were grafted via surface-initi-
ated RAFT polymerization from honeycomb porous ﬁlms
prepared with a comb-like polystyrene and a random
copolymer composed of styrene and 2-hydroxyethyl meth-
acrylate. The polymerization was carried out under c-irra-
diation in water in the presence of a trithiocarbonate RAFT
agent [128]. Contact Angle (CA) measurements were used
to conﬁrm the presence of thermo-responsive polymer
chains on the surface of the HC ﬁlms and to show the
Fig. 13. Schematic illustration and scanning electron micrograph of (a) the honeycomb-patterned ﬁlm, (b) the peeling process, and (c) the pincushion
structure, from reference [17].
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these speciﬁc grafted ﬁlms was to study the controlled
adhesion of proteins or bacteria onto the biomaterials
ﬁlms. As mentioned above in the part dealing with sensing
properties, a similar approach of grafting thermo-respon-
sive polymer chains from HC ﬁlms was investigated by
the same research group to design ‘‘thermo-dependent
switcher’’ for lectin conjugation [46]. In 2009, Yabu et al.
[146] proposed the fabrication of thermo-responsive hon-
eycomb and pincushion ﬁlms based on a mixture of PS
and poly(N-dodecylacrylamide-co-N-isopropyl acrylam-
ide). The investigation of water CA as a function of temper-
ature highlighted the thermo-sensitive character of the
polymeric surface. In the case of honeycomb structured
ﬁlms, no discernable change in the contact angle was ob-
served whereas in the case of the pincushion structured
ﬁlms, a thermo-responsive behavior was observed with a
change in CA from 90 at 10 C (T < LCST, hydrophilic poly-
mer) to 150 at 35 C (T > LCST, hydrophobic polymer).
Wang et al. [63] proposed the design of HC porous ﬁlm
with a wettability behavior depending on pH. In this work,polystyrene-b-poly(acrylic acid) (PS-b-PAA) was used for
the porous ﬁlm formation. First, the authors investigated
the effect of the pore size on the wettability behavior.
When the pore size was 1.5 lm the transition between
hydrophobic and hydrophilic state was faster than the
transition observed in the case of lower pore size of
0.4 lm. This behavior was attributed to the fact that the
water can penetrate easily by capillary action when the
pores are larger [63]. Second, the authors investigated
the effect of the water solution pH on the kinetic of the
wettability transformation (between 0 and 180 s). The
transition between hydrophobic and hydrophilic state
was observed to be faster for buffer solution at pH 10
(10 s) in comparison with buffer solution at pH 4 (130 s)
[63]. This behavior was explained by the acceleration of
PAA ionization at high pH.
Another approach to design pH sensitive honeycomb
porous surface was investigated by Escalé et al. [78] using
a well-deﬁned polystyrene-b-poly(4-vinylpyridine) (PS-b-
P4VP) diblock copolymer synthesized by nitroxyde-medi-
ated polymerization. The diblock copolymer was designed
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during the ﬁlm formation under humid atmosphere (BF
method) by polymer self-assembly. AFM images conﬁrmed
the formation of highly structured HC ﬁlms obtained from
chloroform solutions cast onto either glass or water under
40–50% of RH. The segregation between the two blocks led
to P4VP cylinders in a matrix of PS in between the pores
(Fig. 3). As the P4VP phase is sensitive to pH (pKa = 5.2), a
variation of the contact angle with pH of the water droplet
was observed and the gap between pH 3 and pH 9 was en-
hanced for micro-pillarded surface obtained by peeling-off
the HC ﬁlm (Fig. 12). Through this strategy, Billon and co-
workers showed for the ﬁrst time HC ﬁlms exhibited a
reversible pH-responsive behavior [78].
As a conclusion of this part, either mixtures of polymers
[141–146] or diblock copolymers [63,78] or grafted poly-
mer chains [46,128] were used to form stimuli-responsive
structured polymer ﬁlms. The reversibility of the
stimuli-responsive behavior was observed only in few
examples like in the work of Cui et al. [141–145] for sol-
vent dependent ﬁlms or in the study of Escalé et al. [78]
for pH-sensitive structured ﬁlms. Moreover, in the last
example, hydrophobic or hydrophilic state was stable for
several minutes while the HC surface became systemati-
cally hydrophilic after seconds in the work of Wang et al.
[63] without proof of reversibility.
7.2. Superhydrophobic honeycomb porous ﬁlms
In 2005, Yabu et al. proposed an original method to pro-
duce superhydrophobic honeycomb patterned ﬁlms [147].
Indeed, ﬂuorinated based polymers were used to design
the porous structure by BF method. Moreover, by using a
special coating technique, the ﬁlm thickness was con-
trolled and transparent ﬁlms were made by controlling
the size of the pore. Indeed, a metal blade was ﬁxed per-
pendicularly to the ﬂuorinated substrate and the solution
was casted onto one side of the blade. Then the substrate
was moved horizontally from the other side giving a thin
liquid ﬁlm from the narrow gap between the metal blade
and the substrate. Humid air (relative humidity of 60% at
room temperature) was applied to the solution surface
with a ﬂow velocity of 10 L/min. The ﬁlm thickness was ad-
justed to less than 100 lm by changing the distance be-
tween the blade edge and the substrate. In order to
increase the hydrophobicity behavior, Yabu et al. designed
pincushion structures by peeling off the tops of the honey-
comb ﬁlms using tape (Fig. 13) [17]. By this way, superhy-
drophobic behavior was achieved with water contact angle
close to 170.
Another technique developed by Zander et al. [148] was
used to produce superhydrophobic surface. In this case,
micro-pillarded silicone surfaces were obtained by using
the regular arrays of HC ﬁlm pores as templates. The sili-
cone pillared surfaces showed a high water CA of 142.
8. Conclusions
Structuring polymer surface by the simple bottom up
breath ﬁgure (BF) method has proved to be a relevantprocess to design honeycomb (HC) porous polymer ﬁlms
exhibiting a hexagonal array of pores in the range of 0.5–
4 lm. A large range of polymers has been used to target
different surface properties such as for instance irides-
cence, photoluminescence, cell adhesion, bio-molecule
recognition, intrinsic properties of hybrid ﬁlms, stimuli-
responsive structured surfaces, superhydrophobic charac-
ter of surfaces derived from HC ﬁlms. It can be noted that
BF has proved to be a powerful method to induce a sponta-
neous orientation of either polar groups or hybrid particles
due to the solvent/water interface intrinsically formed dur-
ing the fast solvent evaporation under humid atmosphere.
It has been shown that functionalization of pore surface
can also be performed by surface-initiated polymerization
of different monomers from the HC ﬁlm in order to intro-
duce grafted polymer chains. Despite the simple fast pro-
cedure of honeycomb ﬁlm formation, it should be noted
that several parameters can play a role in the HC ﬁlm
morphology inﬂuencing for instance pore size or quality
of ordering. Consequently, it is important to set up for each
polymer/solvent system the inﬂuence of relative humidity,
polymer concentration, drying rate, nature of substrate. For
a given nature of polymer, the macromolecular architec-
ture and microstructure are also key parameters. Never-
theless, from all the published studies, the following
trends have been drawn: hydrophobic solvents exhibiting
high vapor pressure are the best candidates and hydropho-
bic polymers showing a complex structure or able to self-
assemble seem to be the most robust systems to promote
the fast precipitation of the thin polymer layer at the
water/solution interface. The interfacial tension and the
nature of the substrate also impact the HC ﬁlm formation
but the exact inﬂuence of these both parameters has still
to be better understood. The efforts devoted to the polymer
cross-linking inside the HC ﬁlm opens the way of potential
applications which require stability of the ﬁlm against sol-
vent and temperature. In most of the studies recently
developed by different research groups, the authors pro-
duced a variety of micro-patterned porous polymer ﬁlm
through BF method in order to design functional surfaces.
They took advantage of either the pore ordering and/or
the chemical moieties orientation at the pore surface
and/or the intrinsic properties of the chosen polymers or
hybrid nanoparticles to propose a wide pallet of fascinating
polymeric surfaces. The combination of two self-organiza-
tion processes at various length scales opened a new route
to prepare hierarchically structured HC ﬁlm from either
block copolymer self-assembly or nanoparticles assembly.
By the simple BF approach, entire inorganic or hybrid in-
verse opals have been synthesized thanks to the wide
range of available polymeric systems. BF method allows
the preparation of patterned porous polymer ﬁlms exhibit-
ing surface in the range of cm2. Nevertheless, from the
intrinsic dynamic mechanism BF by solvent evaporation,
the morphology of HC ﬁlm is known to vary from the edge
to the center of the ﬁlm. This aspect has to be controlled
and optimized to envisage the study of such well-orga-
nized surfaces as model substrates in order to understand
the impact of ﬁlm morphology on adhesion, sensing, pho-
tonic or optical phenomena for instance.
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